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This work uncovers the thermal properties of colloidal CdSe/CdS quantum dots (QDs) associated with
additional epitaxial strain at the core/shell interface. We investigate the temperature-dependent behavior of the
longitudinal optical (LO) phonon frequencies of these QDs by Raman spectroscopy over a temperature range
of 7–300 K. For wurtzite and zinc-blende structured QDs, a characteristic redshift of the CdSe and CdS LO
frequencies with increasing temperature is found. The extent of this redshift, however, depends on the interplay
between the two materials in the heterostructure as well as on the temperature. We propose a simple method to
separate the pure thermal properties of each material from characteristics determined by the interaction of core
and shell. Thereby, it is possible to determine positive thermal expansion coefficients of CdSe and CdS in the
temperature range of 7–300 K with high accuracy.
DOI: 10.1103/PhysRevB.99.195425
I. INTRODUCTION
For more than two decades, colloidal quantum dots (QDs)
have attracted particular attention due to their size-tunable
emission wavelength [1,2], their high photoluminescence
quantum yield [3] and long lifetime, which makes them
promising candidates for applications in the field of optoelec-
tronics [4,5], photovoltaics [6,7], biotechnology, and medicine
[2,8–10]. A precise knowledge of the structural properties
of colloidal QDs is mandatory as they directly influence
the optical properties and hence the efficiency of the QDs
in applications. In particular, in core/shell QDs, where the
materials can be additionally strained due to lattice mismatch,
the temperature dependence of the structural parameters is
not clear. This is, however, important for devices operating
at different temperatures.
In general, most materials contract when cooled and ex-
pand upon increase of temperature. This change of the lattice
parameters [11,12] results in a change of the vibrational
frequencies. Thus the temperature dependence of the phonon
frequencies of colloidal CdSe/CdS core/shell QDs is a good
observable to analyze the thermal properties of colloidal QDs.
The temperature dependence of the acoustic vibrations in
CdSe/CdS core/shell nanocrystals has been studied by Tis-
dale et al. [13]. Since the thermal expansion causes significant
strain inside the core/shell QD system, accurate informa-
tion of this effect is required. Another factor influencing the
phonon frequencies is the lattice mismatch of the CdSe core
and CdS shell materials, which introduces epitaxial strain
at the core/shell interface. The CdSe core is compressively
strained, whereas the CdS shell is tensile strained [14,15].
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The magnitude of the strain differs depending on the shell
thickness and core size.
In this work, we present the temperature-dependent Raman
spectra of colloidal CdSe/CdS core/shell QDs. We measure
the absolute LO phonon frequency as a function of temper-
ature and compare it with the bare CdSe core and bulk CdS
phonon frequencies for different core/shell geometries. To an-
alyze the influence of thermal strain and epitaxial strain on the
LO phonon frequencies, we include wurtzite and zinc-blende
QDs with comparable geometries. A challenge is posed by
the interaction between core and shell material, which needs
to be separated from the pure thermal effects. Based on the
temperature-dependent shift in phonon frequency, we propose
a method to separate the effect of the interplay of core
and shell from the pure materials’ thermal expansion. We
determine the material specific thermal expansion coefficient
α(T )thermal for CdSe core and CdS shell and discuss the
differences between the crystal structures, the two materials,
and between different QD core sizes.
II. EXPERIMENTAL SECTION
We investigate CdSe/CdS core/shell QDs with wurtzite
and zinc-blende structures. For the wurtzite CdSe/CdS
core/shell QDs, the shell growth was performed using the
flash method, which was introduced by Cirillo et al. [1]
based on a procedure described by Carbone et al. [16]. For
the zinc-blende CdSe/CdS QDs the SILAR approach accord-
ing to a procedure described by Li et al. [17] was used.
We investigated several different shell thickness series. A
wurtzite and zinc-blende series based on an identical core
size (3.4 nm) with different thicknesses of the CdS shells
varying from 0 to 5.0 nm (six samples) and 0 to 2.0 nm (four
samples) for wurtzite and zinc-blende, respectively, was ana-
lyzed. For comparison, we investigated a further series of four
2469-9950/2019/99(19)/195425(7) 195425-1 ©2019 American Physical Society
NARINE MOSES BADLYAN et al. PHYSICAL REVIEW B 99, 195425 (2019)
FIG. 1. TEM images of wurtzite CdSe/CdS QDs with 3.4 nm
CdSe core and total diameter of 5.9 nm (a) and zinc-blende
CdSe/CdS QDs with 3.4 nm CdSe core and total diameter of
4.7 nm (b).
zinc-blende QD samples with thinner CdS shells (0–1.6 nm)
on a larger CdSe core of 4 nm. The core sizes were determined
from the position of the first excitonic absorption peak using
the sizing curves of Jasieniak et al. [18] and ˇCapek et al.
[19] for the wurtzite and zinc-blende CdSe cores, respectively.
The size of the core/shell QDs was determined by trans-
mission electron microscopy analyses, indicating typical size
dispersions between 10% and 15% for the wurtzite CdSe/CdS
QDs and below 10% for the zinc-blende ones. For the Ra-
man measurements, droplets of the colloidal QDs solutions
were dried on Si wafers. All measurements were performed
in backscattering geometry using micro-Raman setups. The
laser power at the sample was kept below 10 W/m2; the
Raman spectra were calibrated using neon and argon lines.
For temperatures between 80 K and 300 K, we used a Linkam
THMS600 stage with a nitrogen flow for temperature control,
a LABRAM 800 spectrometer, and the 457 nm line of a
laser diode as excitation source. For the low-temperature
measurements (7 K to 60 K) we used a liquid helium cooled
Oxford cryostat, a Dilor XY triple monochromator, and the
457 nm line of an Ar-Kr-ion laser.
III. RESULTS AND DISCUSSION
Figure 1 shows exemplary transmission electron mi-
croscopy (TEM) images of two different CdSe/CdS QDs.
It demonstrates that the QDs have a spherical shape and
uniform size distribution. Exemplary Raman spectra of the
wurtzite bare CdSe core and the CdSe/CdS core/shell QDs
with different sizes are displayed in Fig. 2. The narrow char-
acteristic peak at ≈203 cm−1 is the LO-like phonon frequency
of the bare CdSe core. With the shell growth of 0.3 nm a
new peak, the CdS phonon mode, appears at ≈286 cm−1. The
peak-shape asymmetry on the low-frequency shoulder of the
fundamental LO phonon mode of CdSe and CdS indicates
the presence of surface optical (SO) phonons [14,15]. To
the higher-frequency side of the LO mode of bare CdSe,
a further shoulder [high-frequency shoulder (HFS)] can be
seen in Fig. 2(a). The origin of HFS is discussed in many
publications, see, e.g., Dzhagan et al. [20], where it is asso-
ciated with the presence of under-coordinated surface bonds
of CdSe. For the CdSe/CdS QD [Fig. 2(b)] the HFS dis-
appears in the spectrum. Furthermore, it is known that for
the flash and the SILAR synthesized QDs, an alloy layer at
FIG. 2. First-order Raman spectra of wurtzite bare CdSe core
and of CdSe/CdS QDs with different total diameters at T = 7 K.
The CdSe LO-like phonon modes can be attributed to the optical
vibrations of CdSe along the hexagonal axis, according to Ref. [21].
Additionally the Raman frequencies of bare CdSe and bulk CdS [22]
are indicated. The Raman spectra are scaled for better visibility. Inset
(a) and (b): fundamental LO modes with Lorentzian fits, highlighting
the asymmetric peak shapes.
the core/shell interface (CdSeS) is formed. The characteristic
interface-related phonon mode (IP) is clearly visible in our
Raman spectrum; see Fig. 2(b). For our strain and temperature
analysis, however, we limited ourselves to the first-order LO
modes of CdSe and CdS.
As the values of the core and shell frequencies depend on
the QD geometry, the effect of strain is visible in the Raman
spectra. This strain inside the QDs leads to an increase of
the CdSe frequencies from 203 to 209 cm−1 for thicker shells,
due to increasing compression of the CdSe core by the CdS
shell. For increasing CdS shell thickness, we observe a relative
decrease in CdSe intensities compared to CdS. This depends
primarily on two effects: the different volume ratio between
CdSe and CdS, which is in line with the work of Cirillo et al.
[1], and the absorption of the laser light by the CdS shell. This
leads to a reduction in CdSe Raman intensities as the volume
of CdS rises. For increasing the thickness of the shell, the CdS
Raman modes are clearly shifted towards the unstrained bulk
frequency of CdS (at ≈303 cm−1 [22] at 300 K; see Fig. 2),
which shows the relaxation of the tensile strain in the shell.
Raman spectra of a wurtzite CdSe/CdS QD with a 3.4 nm
CdSe core and total diameter of 5.9 nm are shown in Fig. 3 at
temperatures between 7 K and 300 K. With increasing tem-
perature, the CdSe (at ≈210 cm−1) and CdS (at ≈290 cm−1)
LO-like phonon modes shift to lower frequencies. We fit the
measured Raman spectra of all QDs (series of the 3.4 nm
wurtzite and zinc-blende QDs as well as the 4 nm zinc-blende
ones) with Lorentzian profiles. The LO-like frequencies for
both, CdSe and CdS, in the wurtzite structures (3.4 nm
CdSe core with different CdS shell thicknesses) are shown
in Figs. 4(a) and 4(b) as a function of temperature. The
uncovered core, which is successively covered by an increas-
ingly thick CdS shell within one series, serves as unstrained
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FIG. 3. Temperature dependent Raman spectrum of wurtzite
CdSe/CdS QD with 3.4 nm CdSe core and total diameter of 5.9 nm
from 7 K to 300 K. Left: frequency range of the CdSe core. Right:
frequency range of the CdS shell. The frequencies show a redshift
with increasing temperature, visualized by the dashed lines. The
spectra are normalized to the CdS maximum intensity.
reference for the CdSe [Fig. 4(a)]. The bulk CdS LO tempera-
ture dependence is given as an unstrained reference [Fig. 4(b)]
for the shell material. For bulk CdS, we took the data (wurtzite
bulk CdS) from Neto et al. [22] and fit them with a Cui-fit
function [for details see Eq. (2)]. Note that, to the best of
our knowledge, there are no reports of temperature-dependent
phonon frequencies for zinc-blende bulk CdS. The reason
might be that the growth in wurtzite phase is preferred in
larger structures. Hence, for lack of an alternative, the wurtzite
bulk reference is used for both phases.
Within one series (same core), with increasing shell thick-
ness, the CdSe and CdS LO frequencies shift to higher values,
as shown in Fig. 4. With respect to the bare core, the CdSe core
is blueshifted, while the CdS shells are redshifted compared to
the unstrained bulk CdS frequency. These blue- and redshifts
indicate that the thicker the shell, the higher the lattice com-
pression of the core and the smaller the tensile strain in the
CdS shell are. These results are in good agreement with pre-
vious studies by Tschirner et al. [14] and Dzhagan et al. [15].
If an increase in temperature leads to thermal expansion of
the material, this typically results in a decrease of the phonon
frequencies. For wurtzite and zinc-blende core/shell QDs, the
relative phonon frequency shift at a constant temperature T
can be described using [23]
ω
ω
∣∣∣∣
T
=
(
1 + 3a
a
)−γ
− 1. (1)
Here, ω = ω − ω0 is the relative phonon frequency shift of a
given sample (ω) with respect to the bare core (CdSe) or bulk
material (CdS) (ω0), a = a − a0 is the epitaxial strain due
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FIG. 4. Raman shift as a function of QD diameter and temperature for wurtzite CdSe/CdS core/shell QDs. The samples have the same
size of the CdSe cores of 3.4 nm and different thicknesses of CdS shells. The LO-like frequencies of the CdSe core (9.9 nm QDs) are difficult
to determine for higher temperature ranges due to low intensities; for the 13.3 nm QDs the CdSe LO is not visible in the Raman spectrum.
With increasing shell thickness (QD diameter is increasing from 4 to 13.3 nm), the Raman frequencies are shifted relative to the bare CdSe
core [(a), blueshift], bulk CdS shell [(b), redshift], and between the samples. Their temperature dependence is described well by the fits (solid
lines) using Eq. (2). For better visibility we give the error bars only for the 4.0 nm and 5.9 nm QDs (CdSe and CdS) as an example. They are
similar for the other samples. (c) Strain a
a
as a function of temperature and shell thickness of wurtzite CdSe/CdS QD with 3.4 nm CdSe and
total diameter of 5.9 nm. The compressive strain of the core (CdSecompressive) increases as the temperature decreases, while the tensile strain of
the shell (CdStensile) decreases. The subscript “compressive/tensile” refers to compressive and tensile strain of the CdSe core and CdS shell,
respectively, caused by the lattice mismatch between the materials. Due to different thermal expansion between CdSe and CdS, core and shell
show temperature-dependent strain. “Effective” refers to the effectively measured thermal strain of the lattice.
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FIG. 5. Comparison of the coupled effects of the thermal expansion coefficient α(T )thermal exemplary for wurtzite CdSe/CdS QD with
3.4 nm CdSe and total diameter of 5.9 nm [(a),(c)] and zinc-blende CdSe/CdS QD with 3.4 nm CdSe and total diameter of 4.7 nm [(b),(d)] is
shown. α(T )strain stems from the lattice mismatch and α(T )effective describes the effective, total thermal expansion.
to the lattice mismatch, a0 is the strain-free lattice parameter
and a the strained one, and γCdSe = 1.1 [24] and γCdS = 1.37
[25] are the Grüneisen parameters for the LO phonon of CdSe
and CdS.
The temperature dependence measurements of the phonon
frequencies can be described with an empirical formula pro-
posed by Cui et al. [26]
ω(T ) = ω0 − A
eBh¯ω0/kBT − 1 . (2)
We used Eq. (2) to fit the measured data using A, B, and ω0
at 7 K as free fit parameters. Figures 4(a) and 4(b) show an
excellent agreement of the fit curves (solid lines) and the ex-
perimental data. Inserting Eq. (2) into Eq. (1), we estimate the
strain for the components of the core/shell system directly:
a(T )
a
∣∣∣∣
QD geometry
= 1
3
[(
1 + ω(T )
ω
)− 1
γ
− 1
]
. (3)
Here, the strain-induced relative Raman shift results from
different thicknesses of the CdS shells:{
ω
ω
(T )
}
strain
= ω(T )s − ω(T )ref
ω(T )ref
. (4)
The index “ref” is the bare CdSe core or bulk CdS shell and s
is a core/shell sample.
The effective temperature-induced relative Raman shift,
which results from the total effect of changing temperature,
is given by{
ω(T )
ω
}
effective
= ω(T )s − ω(7 K)s
ω(7 K)s
. (5)
In Eq. (4) and Eq. (5), ω(T )ref is the temperature-dependent
function of the phonon frequency of the bare CdSe core
or bulk CdS shell, while ω(T )s reflects the temperature-
dependent function of the phonon frequency of a specific
core/shell sample. ω(7 K)s refers to a fixed point at 7 K. Here,
the CdSe cores are compared with the bare CdSe and the
CdS shells with the bulk material. As mentioned above, due
to the lack of literature values of zinc-blende bulk CdS as a
reference, the same reference data (wurtzite bulk CdS from
Ref. [22]) for wurtzite and zinc-blende shells is used.
The epitaxial strain is determined as a function of shell
thickness using Eq. (3) and Eq. (4); the strain due to different
thermal expansion can be determined with Eq. (3) and Eq. (5)
as a function of temperature for the coupled core/shell system.
These functions for both materials are shown exemplary for
the wurtzite CdSe/CdS QD with 3.4 nm CdSe and total
diameter of 5.9 nm in Fig. 4(c). We find for all temperatures
that the CdSe core is compressive (CdSecompressive) and the
CdS shell tensile (CdStensile) strained compared to the bare
CdSe core and bulk CdS, i.e., the determined strain values
are negative for the core and positive for the shell. This strain
is due to the smaller lattice parameters of CdS with respect to
CdSe for both crystal structures [1,14]. The compressive strain
of the core increases as the temperature decreases, whereas
the tensile strain of the shell decreases. This indicates that the
shell has a stronger influence on the core. In the temperature
range from 7 K to 30 K there are no differences between the
thermal strain functions (CdSeeffective and CdSeffective) of both
materials. Above 30 K the thermal strain of CdSe is higher
than for CdS.
The thermal expansion coefficients for the core/shell QDs
systems can be defined as [11,27]
α(T ) = d
dT
(
a(T )
a
)
. (6)
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FIG. 6. Calculated coefficients of pure material specific thermal
expansion α(T )thermal for wurtzite and zinc-blende CdSe and CdS are
shown. Within the same crystal structure (series) all measured QDs
show the same thermal expansion, which increases with increasing
temperature. A comparison between wurtzite CdSe (3.4 nm) and
zinc-blende CdSe (3.4 nm) leads to steeper increase for wurtzite
and higher values for the zinc-blende CdSe cores. Compared to
wurtzite and zinc-blende cores, the shells provide smaller values and
expand much later than the cores. The wurtzite core expands at lower
temperatures compared to zinc-blende cores.
We apply this relation to our different relative phonon
frequency shifts and find two parameters: α(T )strain and
α(T )effective. α(T )strain stems from the lattice mismatch be-
tween CdSe and CdS (epitaxial strain) and α(T )effective is the
effective thermal strain.
In Fig. 5, the parameters are compared for the wurtzite
and zinc-blende crystal structures for CdSe core [(a),(b)] and
CdS shell [(c),(d)] as a function of temperature. Over the
entire temperature range, α(T )effective shows similar behavior
for all cores and shells. Their values rise monotonically as the
temperature increases. α(T )effective shows for zinc-blende core
a steeper trend and higher values with increasing tempera-
ture in comparison to α(T )effective for wurtzite core. For the
zinc-blende structure, the thermal coefficients stay constant
up to higher temperatures [core: 7–26 K, (b); shell: 7–70 K,
(d)] than for the wurtzite core (7–10 K) and shell (7–27 K);
cf. Figs. 5(a) and 5(c). α(T )strain for both crystal structures
of CdSe show a negative dip for low temperatures (below
approximately 100 K), Figs. 5(a) and 5(b).
This reflects the influence of the epitaxial strain. Differ-
ences are observable for the shells. α(T )strain rises for wurtzite
CdS at around 100 K and falls with increasing temperature
compared to zinc-blende CdS.
To determine the pure material-specific thermal expansion
coefficient α(T )thermal for CdSe and CdS, these parameters
need to be separated. We assume that the interaction between
CdSe and CdS in the core/shell system is summarized in
α(T )strain, the pure thermal properties in α(T )thermal, and be-
cause α(T )strain and α(T )thermal interact purely linearly, it is
possible to separate them. In this case we introduce a simple
approximate approach:
α(T )thermal = α(T )effective − α(T )strain, (7)
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FIG. 7. Plot of two-body interatomic potential Vkl (rkl ) for CdSe
and CdS as a function of interatomic distance rkl is shown.
r0 is the equilibrium bond distance between two atoms at 0 K.
The distance between nearest neighbor atoms for the wurtzite
(dwz = 2.63 Å [111] [28] at 300 K) and zinc-blende (dzb = 2.65 Å,
dzb = 1/4
√
3a, a = 6.13 Å [29] at 300 K) CdSe are marked on
the potential curve. For the plot the following potential parame-
ters: qSe = −1.18e, qS = −1.18e, qCd = 1.18e, Se = 14.9 K, S =
16.5 K, Cd = 16.8 K, σSe = 5.24 Å, σS = 4.90 Å, σCd = 1.98 Å,
were used. Detailed information of the interatomic potential and
parameters is given in Refs. [30,31].
and thus calculate α(T )thermal from the difference between the
functions α(T )effective and α(T )strain. We find that the thermal
expansion coefficient for CdSe and CdS is the same for all
samples (six wurtzite, four zinc-blende 3.4 nm, and four zinc-
blende 4 nm) within a series (colored lines in Fig. 6). This
indicates that the approximation of separating thermal strain
and epitaxial strain is reasonable.
As shown in Fig. 6, the calculated thermal expansion
coefficients of all measured QDs (CdSe and CdS) are positive
and increase for higher temperatures. A direct comparison
between the thermal expansion coefficients of the CdSe cores
and CdS shells provides smaller values for the CdS. These
observations can be understood by the plot of two-body inter-
atomic potentials for CdSe and CdS displayed in Fig. 7.
The function of the Lennard-Jones-like interatomic potential
Vkl (rkl ) (see the inset of Fig. 7) and the potential parameters
were taken from Refs. [30,31]. Since the potential depends
on the material, different thermal expansion is to be expected.
The potential curve of bonded CdS is deeper (local minimum)
than that of CdSe. Therefore, it has a lower thermal expansion
coefficient [32]. In the calculation of α(T )thermal for the shells
(wurtzite and zinc-blende), we applied the same reference data
(wurtzite bulk CdS from Ref. [22]). Therefore, it is reasonable
to expect that wurtzite and zinc-blende shells show a similar
α(T )thermal behavior in our model. Moreover, wurtzite und
zinc-blende CdS shells with comparable geometries show al-
most uniform temperature-dependent behavior in our experi-
ments (see Supplemental Material [33]). It means that phonon
frequencies of the wurtzite and the zinc-blende shells shift
nearly parallel to lower frequencies with temperature increase.
On the other hand, it is difficult to distinguish which crystal
structure the shells have, wurtzite or zinc-blende, because of
their small thickness of only a few monolayers.
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Furthermore, we find a steeper increase for wurtzite and
higher values for the zinc-blende CdSe cores (3.4 nm). For
deeper understanding of the higher values of α(T )thermal in the
zinc-blende cores we consider the function of the interatomic
pair potential of CdSe presented in Fig. 7. This function
reveals that wurtzite and zinc-blende CdSe have the same
potential. The nearest neighbor distances, dwz and dzb, be-
tween the Cd-Se atoms for both crystal structures are marked
on the potential curve. The larger the atomic distance, the
larger the temperature dependence of the crystal lattice, which
results in a higher thermal expansion. Thus the higher atomic
distance in the zinc-blende lattice results in a higher thermal
expansion.
The wurtzite CdSe cores expand at lower temperatures
compared to zinc-blende cores, which might originate in the
crystal structure’s anisotropy [34]. Trallero-Giner et al. [21]
have shown that the lattice vibrations seen in Raman spectra
are vibrations along the c axis. The atomic distances along the
c axis in the wurtzite crystal are longer than those along the a
axis. This could be a possible explanation for why this crystal
expands more in lower temperatures along the c axis.
For temperatures T > 110 K, the 3.4 nm zinc-blende
CdSe cores have higher α(T )thermal values than the 4 nm ones
(Fig. 6). This may indicate a size dependence in thermal
expansion properties.
IV. CONCLUSIONS
We presented temperature-dependent Raman measure-
ments on colloidal CdSe/CdS core/shell QDs (wurtzite and
zinc-blende) in the temperature range between 7 K and
300 K. We analyzed the influence of temperature (thermal
strain) and interplay between core and shell (epitaxial strain)
on the LO phonon frequencies. Based on our measurements,
we show that the pure material-specific thermal expansion co-
efficients αthermal(T ) for CdSe and CdS can be determined by
describing αeffective(T ) as a linear combination of αthermal(T )
and αstrain(T ). Thus we propose a technique to determine pure
material thermal constants from compound materials. For all
samples within one series, we find the same αthermal(T ). It
was possible to calculate positive expansion coefficients of
CdSe and CdS with high accuracy. Additionally, we iden-
tify differences between the wurtzite and zinc-blende crystal
structures and two different materials, CdSe and CdS. The
CdSe cores show an overall stronger temperature dependence
of the effective strain than the CdS shells at temperatures
above 30 K. At low temperatures (T < 30 K), the effective
thermal strain for CdSeeffective and CdSeffective is approximately
zero and can be neglected. The epitaxial strain due to lattice
mismatch, however, is larger in the CdS shell (tensile) than in
the CdSe core (compressive) at T < 30 K.
Further, the crystal phase and the size of the QD core has
a strong and an important influence on the thermal expan-
sion coefficients. For CdSe, the zinc-blende phase exhibits
a stronger temperature dependence, because of the higher
interatomic distances present in the structure. The method pre-
sented here to investigate the thermal properties of nanocrys-
tals should be easily applicable to other heterostructural
materials beyond colloidal core/shell QDs.
[1] M. Cirillo, T. Aubert, R. Gomes, R. Van Deun, P. Emplit, A.
Biermann, H. Lange, C. Thomsen, E. Brainis, and Z. Hens,
Chem. Mater. 26, 1154 (2014).
[2] I. L. Medintz, H. T. Uyeda, E. R. Goldman, and H. Mattoussi,
Nat. Mater. 4, 435 (2005).
[3] V. I. Klimov, S. A. Ivanov, J. Nanda, M. Achermann, I. Bezel,
J. A. McGuire, and A. Piryatinski, Nature (London) 447, 441
(2007).
[4] Z. Ning, H. Dong, Q. Zhang, O. Voznyy, and E. H. Sargent,
ACS Nano 8, 10321 (2014).
[5] O. E. Semonin, J. M. Luther, S. Choi, H.-Y. Chen, J. Gao, A. J.
Nozik, and M. C. Beard, Science 334, 1530 (2011).
[6] J. Tang, L. Brzozowski, D. A. R. Barkhouse, X. Wang,
R. Debnath, R. Wolowiec, E. Palmiano, L. Levina, A. G.
Pattantyus-Abraham, D. Jamakosmanovic et al., ACS Nano 4,
869 (2010).
[7] G. I. Koleilat, L. Levina, H. Shukla, S. H. Myrskog, S. Hinds,
A. G. Pattantyus-Abraham, and E. H. Sargent, ACS Nano 2, 833
(2008).
[8] X. Michalet, F. Pinaud, L. Bentolila, J. Tsay, S. Doose, J. Li,
G. Sundaresan, A. Wu, S. Gambhir, and S. Weiss, Science 307,
538 (2005).
[9] W. J. Parak, T. Pellegrino, and C. Plank, Nanotechnology 16,
R9 (2005).
[10] O. V. Salata, J. Nanobiotech. 2, 3 (2004).
[11] J. James, J. Spittle, S. Brown, and R. Evans, Meas. Sci. Technol.
12, R1 (2001).
[12] K. Haruna, H. Maeta, K. Ohashi, and T. Koike, J. Phys. C 20,
5275 (1987).
[13] A. J. Mork, E. M. Lee, and W. A. Tisdale, Phys. Chem. Chem.
Phys. 18, 28797 (2016).
[14] N. Tschirner, H. Lange, A. Schliwa, A. Biermann, C. Thomsen,
K. Lambert, R. Gomes, and Z. Hens, Chem. Mater. 24, 311
(2012).
[15] V. Dzhagan, M. Y. Valakh, A. Raevskaya, A. Stroyuk, S. Y.
Kuchmiy, and D. Zahn, Nanotechnology 18, 285701 (2007).
[16] L. Carbone, C. Nobile, M. De Giorgi, F. D. Sala, G. Morello,
P. Pompa, M. Hytch, E. Snoeck, A. Fiore, I. R. Franchini et al.,
Nano Lett. 7, 2942 (2007).
[17] J. J. Li, Y. A. Wang, W. Guo, J. C. Keay, T. D. Mishima, M. B.
Johnson, and X. Peng, J. Am. Chem. Soc. 125, 12567 (2003).
[18] J. Jasieniak, L. Smith, J. van Embden, P. Mulvaney, and M.
Califano, J. Phys. Chem. C 113, 19468 (2009).
[19] R. Karel ˇCapek, I. Moreels, K. Lambert, D. De Muynck, Q.
Zhao, A. Van Tomme, F. Vanhaecke, and Z. Hens, J. Phys.
Chem. C 114, 6371 (2010).
[20] V. M. Dzhagan, M. Y. Valakh, A. G. Milekhin, N. A. Yeryukov,
D. R. Zahn, E. Cassette, T. Pons, and B. Dubertret, J. Phys.
Chem. C 117, 18225 (2013).
[21] C. Trallero-Giner, A. Debernardi, M. Cardona, E. Menendez-
Proupin, and A. I. Ekimov, Phys. Rev. B 57, 4664 (1998).
[22] E. F. Neto, N. Dantas, S. Da Silva, P. Morais, M. Pereira-
da Silva, A. Moreno, V. Lopez-Richard, G. Marques, and C.
Trallero-Giner, Nanotechnology 23, 125701 (2012).
195425-6
THERMAL EXPANSION OF COLLOIDAL CdSe/CdS … PHYSICAL REVIEW B 99, 195425 (2019)
[23] G. Scamarcio, M. Lugará, and D. Manno, Phys. Rev. B 45,
13792 (1992).
[24] A. Alivisatos, T. Harris, L. Brus, and A. Jayaraman, J. Chem.
Phys. 89, 5979 (1988).
[25] J. H. Wasilik and F. S. Hickernell, Appl. Phys. Lett. 24, 153
(1974).
[26] J. Cui, K. Amtmann, J. Ristein, and L. Ley, J. Appl. Phys. 83,
7929 (1998).
[27] Y. Okada and Y. Tokumaru, J. Appl. Phys. 56, 314 (1984).
[28] L. Merten, Z. Naturforsch. A 15, 512 (1960).
[29] M. L. Cohen and J. R. Chelikowsky, Electronic
Structure and Optical Properties of Semiconductors
(Springer Science & Business Media, New York, 2012),
Vol. 75.
[30] M. Grünwald, A. Zayak, J. B. Neaton, P. L. Geissler, and E.
Rabani, J. Chem. Phys. 136, 234111 (2012).
[31] E. Rabani, J. Chem. Phys. 116, 258 (2002).
[32] D. A. Padmavathi, Mater. Sci. Appl. 2, 97 (2011).
[33] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.99.195425 for temperature-dependent Ra-
man shifts for wurtzite and zinc-blende CdS shells with com-
parable geometries.
[34] H. Iwanaga, A. Kunishige, and S. Takeuchi, J. Mater. Sci. 35,
2451 2000.
195425-7
